Lead-based melts (Pb, Pb-Bi) are considered as candidate coolants and spallation neutron targets due to their excellent thermophysical and nuclear properties. However, the corrosion of structural materials remains a major issue. Oxide dispersion strengthened (ODS) ferritic/martensitic steels are considered for high temperature application for both fission and fusion reactor concepts. The oxidation/corrosion kinetics in a static oxygen-saturated Pb melt at temperature of 550 ∘ C as well as the morphology and composition of scales formed on ferritic/martensitic Fe-9Cr-1.5W and ferritic Fe-14Cr-1.5W ODS steels have been investigated. Both materials showed homogeneous multiple, dense scales that consisted of typical combination of Fe 3 O 4 as outer sublayer and (Fe,Cr) 3 O 4 as inner sublayer. A nonuniform growth of inner oxide sublayers into the metal matrix as well as a good adhesion to the metal substrate is observed. With the prolongation of exposure from 240 to 1000 h, observed scales grow from 35 m to 45 m for ODS Fe-9Cr steel and from 40 m to 60 m for ODS Fe-14Cr steel with the thinning rates of 0,22 and 0,31 mm/year correspondingly. The mechanism of scales formation is discussed.
Introduction
Lead-based melts (Pb, Pb-Bi) are considered for use in Generation IV reactor coolant and spallation neutron targets due to their excellent thermophysical and nuclear properties [1] . The advantage of lead as a nuclear coolant is derived from its physical and chemical properties [2] . At the same time, the corrosion aggressiveness of lead melts with regard to the structural materials is one of the main issues of up-to-date reactor material science [3] . To make this system usable at high temperatures (above 500 ∘ C), new classes of materials need to be developed and studied.
Oxide dispersion strengthened (ODS) ferritic/martensitic steels are considered as candidate structure materials for high temperature application for both fission (Generation IV, Accelerator Driven Systems-ADS) and fusion reactor concepts [4, 5] . Their properties (high temperature strength and creep resistance) make them potentially usable for high temperature application in liquid metal cooled systems [6] . Although an application of ODS steels allows the working temperature limit to be increased up to about 700 ∘ C, it is known that the corrosion aggressiveness of liquid metals regarding steels strongly depends on temperature; that is, the higher the temperature, the larger corrosion losses [7, 8] . In addition to the temperature, the specific phase-structural state of ODS steels, that is, presence of dispersion oxide particles (TiO 2 and/or Y 2 O 3 ) as well as fine-grained structure with high length of structural boundaries and residual porosity can substantially influence the intensity of corrosion interaction [9] . Therefore, the compatibility of ODS steels with lead melts at elevated temperatures is one of the most important issues of up-to-date nuclear investigations.
It is well known also that the quality of oxide layer depends, in general, on the level of oxidation potential of the melt and composition and surface structure of the steel. Therefore, it is very important to understand the effect of specific structure of ODS steels (dispersive oxide particles and fine-grained structure) on corrosion processes in Pbbased melts.
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The aim of present paper was to investigate the oxidation/corrosion behavior of ferritic and ferritic/martensitic ODS steels in static oxygen-saturated Pb melt at elevated temperature.
Experiment
The samples (Ø10 mm × 3 mm) were prepared from ferritic/martensitic Fe-9Cr-1.5W and ferritic Fe-14Cr-1.5W ODS steels (strengthened with Y 2 O 3 ).
Before investigations, samples were polished and thermally vacuum-treated at 1100 ∘ C for 1 h. A glove box allowing work with the highly reactive liquid metals (Li, Pb-Li, Pb, Bi, etc.) with using an argon neutral gas atmosphere, equipped with the heating and welding devices, was used to set samples into crucible.
Corrosion tests were performed in isothermal static oxygen-saturated Pb melt (C O[Pb] ∼ 10 −3 wt% O) at 550 ∘ C for exposures 240 h, 500 h, and 1000 h. Samples were fixed in alumina crucibles, then filled with melt, placed in the furnace, and tested for the required time. To provide the oxygensaturated conditions, the liquid metal was in contact with dry air during the test and therefore the red-colored PbO oxide scale was formed separating gas and liquid metal phases. Lead oxide indicates that the oxygen concentration in the melt (beneath the PbO oxide scale) is equal to the equation lgC O[Pb] = 3.2 − 5000/ , averaged ∼ 10 −3 wt% O and melt was in oxygen-saturated conditions.
When tested, the samples were quickly extracted from the melt and cooled to save high-temperature state of scales. Some samples were cleaned in 1/3 ethanol, 1/3 acetic acid, and 1/3 hydrogen peroxide mixture (1 : 1 : 1) at room temperature to remove adhered Pb from the surface.
A scanning electron microscope (SEM), Carl Zeiss AG-EVO 40 Series equipped with the Energy-dispersive X-ray spectrometer, was used to observe the morphology and composition of oxide layers as well as the oxidation kinetics.
Results

Morphology of Scales
3.1.1. Fe-9Cr. The cross-sectional SEM measurement of Fe9Cr ODS steel after 240 h exposure to Pb-melt is given in Figure 1 (a). There is a clear regularity in the increase of Cr from outer layer scale (about 0.8 wt.%) to inner layer scale (23.7 wt.%) (Figure 1(a) , areas 1-4). A slight depletion of Fe from area 1 to area 4 is observed. This means that the outer sublayer (Figure 1(a) , area 1) consists mainly of magnetite Fe 3 O 4 , whereas the inner sublayers (Figure 1 No cracks between the inner layer and the steel's substrate were observed. It should be noted that the Fe 3 O 4 layer is not continuous and therefore it can be concluded that at this stage the process of magnetite formation begins. The concentration of the steel components below the oxide layer is unchanged.
The cross-sectional SEM measurement of steel after 500 h exposure is given in Figure 1(b) . There are several sublayers differed in Cr amount. Most likely, these layers may be identified as (Fe,Cr) 3 O 4 in which Cr changes from 4,5 wt.% in the outer sublayer to 14 wt.% in the inner sublayer. A clear boundary between the inner and outer layers was detected following 500 h lead exposure.
The cross-sectional SEM measurement of steel after 1000 h exposure is given in Figure 2 Hence, it can be concluded that during exposure of Fe-9Cr ODS steel to oxygen-saturated Pb melt the Crenriched oxide scale consisting of two sublayers differing in Cr amounts is formed. With prolonged exposure, the outer sublayer transforms to Fe 3 O 4 , whereas the inner layer remains unchanged (Fe,Cr) 3 O 4 . No pitting formation or grain boundary oxidation was found. The inner sublayer is well adhered to the steel's substrate. A slight loss in outerlayer uniformity can be observed with prolonged exposure.
Fe-14Cr.
When considering Fe-14Cr ODS steel, the kinetics of scale's growth is similar to those for Fe-9Cr ODS steel. The cross section of Fe-14Cr steel following exposure to Pb melt for 240 h is given in 
Oxidation Kinetics.
The thickness of whole scales and their outer and inner sublayers as well as a short description of the appearance of the oxide scales of tested materials are presented in Table 1 . As a rule, the inner sublayer has more thickness as compared to outer sublayer. All scales observed were dense and were well adhered to the material substrate. The average total thickness of oxide scale on Fe-9Cr slightly increases with exposure: from 35 m for 240 h to 45 m for 1000 h. The average total thickness of oxide scale on Fe-14Cr reaches 45 m after 240-500 h. After 1000 h, the thickening of the scale up to 60 m takes place.
The thinning of steel exposed to oxygen-saturated Pb melt for 1000 h can be estimated at a corrosion rate of 0.22 mm/year for Fe-9Cr steel and 0.31 mm/year for Fe-14Cr steel.
Discussion on Mechanism of Scale Formation
The presence of oxygen impurities in lead melts alters substantially the interaction between structural materials and melts from dissolution to oxidation [10, 11] . According to the thermodynamic evaluation, the main steel components (Fe and Cr) have higher affinity to oxygen than Pb [12] . Based on the phase state Fe-O diagram, iron can oxidize at > 570 ∘ C to form magnetite and wustite (Fe 3 O 4 and FeO accordingly), while at < 570 ∘ C magnetite is the prevailing phase. Y 2 O 3 oxide particles presented as a strengthened agent in ODS steels should be stable in the Pb melt under given conditions of liquid metal with respect to the oxygen concentration [13] .
Since an affinity of the main steel's components (Fe and Cr) to the oxygen is higher than that of Pb, the melt dissolves and transports the oxygen on the steel surface and the protective oxide layer based on Me 3 O 4 (Me = Fe, Cr) has been formed [14] [15] [16] . Both oxides are based on magnetite structure: the inner layer is (Fe-and Cr-) enriched oxide (Fe,Cr) 3 O 4 (spinel type), whereas the outer layer is Crdepleted Fe 3 O 4 .
As it follows from Figure 2 that the outer layer containing Fe and O grows from the initial "solid metal/liquid metal" interface towards the melt, whereas the inner oxide layer, enriched in Cr, grows towards the matrix. This result is in good accordance with those obtained for conventional steels [17] . Figure 6 clearly (Figure 8(a) ), while with the prolonged exposure of 500 h, the magnetite Fe 3 O 4 -based scale is formed (Figure 8(b) ).
The informative fragment of surface of ODS Fe-14Cr steel after exposure for 1000 h presented in Figure 9 (a) allows three-layered scale to be revealed. The surface is nonuniform. It is possible to distinguish the protrusions of oxide crystals formed on the inner continuous oxide layer (Figure 9(b) ). Local energy-dispersive X-ray spectroscopy analysis performed with higher magnification indicates that protrusions are composed of Fe and O (Figure 9(b) , area 2), while the continuous inner oxide sublayer (Figure 9(b) , area 1) is enriched in Cr. The outer layer is also composed of Fe 3 O 4 ( Figure 9(b), area 3) . It can be presumed that the Fe 3 O 4 layer is growing on the preliminarily formed (Fe,Cr) 3 O 4 or even Cr-based (Cr 2 O 3 ) oxide layer and this confirms the abovementioned assumptions.
Taking into account the structure of oxide layers formed on both Fe-9Cr and Fe-14Cr ODS steels exposed to oxygensaturated Pb melt at 550 ∘ C, the following mechanism of oxidation can be presumed (Figure 10) . Initially, the Cr-rich Figure 9 : Surface morphology (SEM) and composition of ODS Fe-14Cr steel after exposure to oxygen-saturated Pb melt at 550 ∘ C for 1000 h.
Concentration of Cr (wt%) film grows on the base of the natural oxide film existing on the steel surface before immersion into liquid lead. This continuous Cr 2 O 3 -based sublayer protects the steel from the intensive oxidation during some latent period of exposure. With time, when diffusion of chromium cations into the oxide film decreases due to depletion of the suboxide layer in Cr, the iron cations begin to diffuse from the solid metal through the chromium sublayer to liquid metal. Since the oxidation potential of the melt (10 −3 wt% O) at 550 ∘ C is enough to provide oxidation of Fe, as a result, the pure Fe-based oxides form over the initial Cr-based oxide layer. The growth of the outer magnetite layer is accompanied by the formation of inner spinel enriched in Cr. With the prolongation of exposure, the outer Fe 3 O 4 oxide covers the surface uniformly (see Figure 9 (b), area 3).
Conclusions
The oxidation/corrosion kinetics in static oxygen-saturated Pb melt (C O[Pb] ∼ 10 −3 wt% O) at temperature of 550 ∘ C as well as the morphology and composition of oxide scales formed on ferritic/martensitic Fe-9Cr-1.5W ODS and ferritic Fe-14Cr-1.5W ODS steels have been investigated.
Both ODS materials showed homogeneous dense multiple oxide layers that consisted of typical combination of outer The mechanism of oxidation of ODS steels has been discussed. Primarily, the (Fe,Cr) 3 O 4 or even Cr 2 O 3 -based layer formed on the surface followed by Fe 3 O 4 -based layer.
Kinetics research of corrosion reveals that scale grows more actively on Fe-14Cr steel: from 35 m to 45 m for Fe9Cr ODS steel and from 35 m to 60 m for Fe-14Cr ODS steel with exposure prolongation from 240 to 1000 h.
Obtained results indicate that oxidation behavior of ferritic and ferritic/martensitic ODS steels in molten lead corresponds in general to traditional chromium steels when the interaction between steels and lead melt at elevated temperature in static condition results in the formation of a multilayer scale with outer sublayer based on magnetite and inner sublayer based on spinel (Fe, Cr) 3 O 4 .
